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Abstract

Climate model simulations run as part of the Clivar Drought Working Group initiative
were analyzed to determine the impact of three patterns of sea surface temperature (SST)
anomalies on drought and pluvial frequency and intensity around the world. The three
SST forcing patternsinclude a global pattern similar to the background warming trend, a
pattern in the Pacific, and a pattern in the Atlantic. Five different global atmospheric
models were forced by fixed SSTsto test the impact of these SST anomalies on droughts

and pluvialsrelative to a climatologically-forced control run.

The five models generally yield similar results in the locations of droughts and pluvials
for each given SST pattern. In al of the simulations, areas with an increase (decrease) in
the mean drought index values tend to also show an increase in the frequency of pluvial
(drought) events. Additionally, areas with more frequent extreme events also tend to
show higher intensity extremes. The cold Pacific anomaly increases drought occurrence
in the United States and southern South America, and increases pluvialsin Central
America, and northern and central South America. The cold Atlantic anomaly increases
drought occurrence in southern Central America, northern South America, and Central
Africa, and increases pluviasin central South America. The warm Pacific and Atlantic
anomalies generally lead to reversals of the drought and pluvial increases described with
the corresponding cold anomalies. More modest impacts are seen in other parts of the
world. The impact of the trend pattern is generally more modest than that of the two other

anomaly patterns.



1. Introduction

The Clivar Drought Working Group was established “to facilitate progress on the
understanding and prediction of long-term (multi-year) drought over North America and
other drought-prone regions of the world, including an assessment of the impact of global
change on drought processes’ (U.S. Clivar Drought Working Group Prospectus, 12
December 2006). From this directive, a multi-model comparison project was initiated, in
which all the participating models were forced with the same set of three large-scale
patterns of sea surface temperature (SST) anomalies. The goal of the project wasto
assess the role of these commonly occurring SST patterns in driving and/or exacerbating

drought.

The goal of this paper isto document the impact of the three primary SST patterns on
drought and pluvial frequency and intensity around the world, as determined by the
multi-model mean of these experiments. Differences between the model responses will
also be discussed. In the next section, we will discuss broad aspects of the five
participating models. In Section 3 we will define the drought measures used in this study.
Results from the Pacific, Atlantic, and Trend-based experiments will be discussed in

Section 4, prior to some discussion in Section 5 and concluding statementsin Section 6.

2. Model descriptions and experimental design
Theidealized SST experiments were performed with five different global atmospheric

climate models;



1. the Geophysical Fluid Dynamics Laboratory (GFDL) used the AM2.1 (Delworth
et a., 2006; GAMDT, 2004; Milly and Shmakin, 2002);

2. the Globa Modeling Assimilation Office (GMAO) of National Aeronautics and
Space Administration (NASA) Goddard Space Flight Center (GSFC) used the
NASA NSIPP1 (Bacmeister et a., 2000);

3. the Community Climate System Model (CCSM) Climate Variability Working

Group at the National Center for Atmospheric Research (NCAR) used the NCAR

et a., 2008; Stockli et al., 2008);
4. the Climate Group of Lamont-Doherty Earth Observatory (LDEO) at the
Columbia University used the NCAR CCM3 (Kiehl et al, 1998); and
5. the Climate Prediction Center (CPC) of the National Center for Environmental
Prediction (NCEP) used the NCEP Global Forecast System (GFS; Campana and
Caplan, 2005).
The five models will be referred to by the names GFDL, NSIPP, CAM3.5, CCM 3, and
GFS. Each of the models is documented in the references listed above, and in Schubert et

al. (2009) which provides an overview of the Working Group’ sinitiative.

2a. SST forcing fields
Figure 1la showsthe SST climatology derived from the Hadley Centre data spanning the
years 1901-2004 (HadISST; Rayner et al., 2003). A rotated empirical orthogonal function

(EOF) analysis (Kaiser, 1958) identified the three leading patterns of interannual SST


http://www.ccsm.ucar.edu/models/atm-cam/;

variability as a pattern resembling the linear trend of global SST, a warm-phase pattern in
the Pacific, and a warm-phase pattern in the Atlantic. These patterns represent 27.2%,
20.5% and 5.8% of the global SST variance. Although the third EOF explains such a
small percent of the global variance, it does explain up to 70% of the local variancein the
region of the intertropical convergence zone (ITCZ) during northern summer. The

analysis was restricted to ice-free points.

These patterns were scaled by the standard deviations of the respective principal
component time series. The Pacific and Atlantic patterns were multiplied by twice the
standard deviation of their respective principal components to create patterns similar to
those observed in years of great extremesin these basins (Figures 1c and 1d), while the
linear warming trend was multiplied by one standard deviation to maintain a pattern with
historical relevance (as opposed to a future warming pattern; Figure 1b). The robustness
of thistrend pattern will be discussed in Section 4e. These anomalies were then added to
the climatological seasonal cycle of SST and used as the new boundary condition of the

model's simulation.

2b. Experimental design

Each modeling group ran a series of eight experiments with all possible combinations of
awarm and cold Pacific and Atlantic forcing, in addition to the control experiment (Table
1). When referring to these combination experiments, we will use the notation of Table 1:

e.g., PCAw refers to the experiment with both the cold Pacific and the warm Atlantic



anomaly patterns added to the climatological SSTs of the control experiment; PwAn
refers to the experiment with the warm Pacific and a neutral (or no) Atlantic pattern
added to the climatology. Four of the modeling groups ran the experiments for more than
50 years, while the GFS experiments were run for 37 years. The last 50 years are used

when available; the last 36 years are used with the GFS results.

In none of the experiments discussed in this paper isthe SST response in the atmosphere
permitted to feedback to the ocean and alter SSTs. Thus, while these experiments provide
clear insight into the way SST anomalies can alter regional climate properties, they
overlook the interesting question of further feedbacks and coupling to the SST fields.
Such a study would require a full dynamic coupled model with an interactive ocean,
beyond the scope of the present intercomparison project. Further discussion of the

limitations of fixed-SST experimentsis provided in Section 5.

3. Drought and pluvial definitions

Drought can be defined in many ways, with many different spatial and temporal frames
of reference. Asareview of drought definitions by Wilhite and Glanz (1985) makes
clear, there is not—and cannot be—one universal definition of drought, given the
different time and space scales of interest in various meteorological, agricultural, and
hydrologic resource issues. Precipitation (or lack thereof) is the primary factor in drought
considerations, but temperature, radiation, the growth stage of vegetation, the ability of

the vegetation to access groundwater, and many other factors play critical rolesin the



development or abatement of drought in the real world. The Drought Monitor

extent of droughts within the United States, and it is founded on the assumption that no
single index is suitable for all purposes or for all regions; maps are produced on a weekly
basis after fusing objective datafrom a suite of drought-related indices and subjective

data from on-the-ground experts in regions throughout the country (Svoboda et al., 2002).

We will rely on two indicators of drought and pluvial occurrencein this paper: (1)
precipitation deciles as an indicator of meteorological drought, and (2) the Supply-
Demand Drought Index (SDDI) as an indicator of longer-term drought. Both indices were
justified in their original publications as improvements over the Palmer Drought Severity
Index (PDSI; Palmer, 1965). The PDSI was alandmark development in drought research
because it was the first water-budget-based index: it incorporated antecedent
precipitation, moisture supply, and moisture demand into a hydrologic accounting system
(Heim, 2002). It was widely adapted to regions far from its original development zonein
the Great Basin of the United States, despite Palmer’s own warnings against such
extrapolation (Heim, 2002). Although no drought index has proven as popular as the
PDSI, many studies have analyzed its weaknesses (e.g., Alley, 1984), and others have
developed improved versions (e.g., the self-calibrating PDSI of Wells et a., 2004; the
modified PDSI of Mo and Chelliah, 2006). Few recent studies claim that the PDSI is
well-suited to global analysis, and its continued usage in global studiesistypically

justified on the basis of its prevalence in past research.


http://drought.unl.edu/dm

Precipitation deciles were chosen as the meteorol ogical measure of drought in the
Australian Drought Watch System in 1992 (White and O’ Meagher, 1995). Thisindex
was more advantageous than others (particularly the PDSI) for a number of reasons
including (1) the simplicity of the necessary data (precipitation would be needed for most
drought indicies; this required nothing else), (2) the lack of dependence on information
regarding crop types and features, and (3) deciles are applicable to any data distribution
(not just normally distributed data) and easily allow one to focus on extreme events
(Gibbs and Maher, 1967). The use of precipitation decilesis limited, however, by the
failure to account for the impact of temperature or radiation as a driver of
evapotranspiration, and by the failure to account for the cumulative impact of prolonged

spells of extreme precipitation (low or high values).

Deciles are sometimes used with additional criteriato determine when adrought is over
(e.g., if the precipitation total for the past three monthsisin or above the eighth decile;
Keyantash and Dracup, 2002), though such criteria are not used in this study. Keyantash
and Dracup (2002) gave rainfall deciles the highest evaluation score among six
meteorological drought indices (PDSI among them) considered in their study of data
from the state of Oregon. Here we will define drought in a given grid cell as months with
precipitation below the 20%-level of the control run (in the bottom two deciles or below
the minimum observed value in the control run), and pluvials as months with

precipitation above the 80%-level of the control run (in or above the top two deciles).



Keyantash and Dracup (2002) considered five hydrological drought indices and five
agricultural drought indices in their comparative study, but all of them are less than ideal
for this model intercomparison because of their dependence on soil moisture and/or
streamflow. Though soil moistureis clearly acritical factor in real-world droughts,
modeled soil moisture is highly dependent on the land surface scheme of the given model
and should not be taken as a volumetric measure of actual soil moisture. More
importantly, soil moisture from different land surface schemes is reported for different
depth levels and relative to different soil porosities and transmissivities. This makes it
difficult to calculate soil moisture-dependent drought indices in a consistent manner
when considering a suite of models. Streamflow reporting is similarly model-dependent,

making streamflow-dependent drought indices unsuitable for amodel intercomparison.

The SDDI was first suggested by Rind et al. (1990) as an alternative to the PDSI. It isthe
difference between the supply of moisture (precipitation, P) and the atmospheric demand
for moisture (potential evapotranspiration, Ep). The SDDI has a few significant
advantages over the PDSI. Firgt, the index istied to soil moisture through the evaporative
demand, but it does not rely directly on the modeled value of soil moisture. Additionaly,
there are no grid-specific empirical coefficientsto estimate. Its definitionissimilar in
structure to that of the PDSI. First, adifference between the modeled value of (P — Ep)
and the monthly climatological value is calcul ated:

d=P-E,-(P-E,;)

clim?



where the climatology is determined from each model’ s control simulation. Then a
“moisture anomaly index” is determined:

Z=d/o,
where oistheinterannual standard deviation in the monthly (P — Ep) series from the
control run climatology. Finally, the cumulative nature of drought isincluded in the final
index through the equation:

SDDI (i) = 0.897 SDDI (i —1) + Z(i).

The constant value of 0.897 was chosen by Rind et al. (1990) to mimic the PDSI.

One of the beneficial qualities of the SDDI is the easy-to-understand notion of supply
versus demand. However, the demand side of the equation has many potential definitions,
and it depends on atmospheric conditions, soil water availability, and vegetation type and
growth stage. The concept of potential evaporation was first discussed in 1948
(Thornthwaite, 1948) with the idea of defining some measure of atmospheric demand for
moisture if soil moisture availability was not restricted and the vegetation covering over a
large area was uniform. Numerical definitions stemming from this concept are plentiful,
varied, and empirical. Some Ep definitions require only temperature information, while
others require temperature and net radiation, and still others require these variables along
with canopy conductance estimates for a specific vegetation type. Given the empirical
nature of these equations, it isimportant to keep in mind that these relationships could

change as climate changes. Thus, the Ep definition used herein SDDI calculations should
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be taken as an indicator of atmospheric moisture demand which may be sensitive to

climatic conditions.

Our SDDI calculations make use of the radiation-based method of Priestly and Taylor

(1972) for the calculation of Ep:

_ % [S(Ta)]Rnet
" puALST) ]

where apt = 1.26 was determined empirically from data over both water and saturated
land surfaces, R IS net radiation at the surface, T, is air temperature, py, isthe mass
density of water, A, isthe latent heat of vaporization, yis the psychrometric constant, and
S(T,) isthe slope of the relation between saturation vapor pressure (esx;) and air

temperature:

S(T) =

de, (T) 25083 exp( 17.3T )
ar (T +237.3)? T+237.3)

Though we believe that precipitation deciles and the SDDI are adequate indicators of
large-scale changes in surface conditions, we are fully cognizant of the reality that no

index is a perfect measure of drought or pluvialsin al regions of the world.
4. Results

We begin our exploration of the results by taking an in-depth look at the Cold Pacific

experiment (PcAn) with the GFDL model as away of detailing the methodologies used in
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thiswork. We will then look at results of the PcAn and the PnAw experiment with all
five models as well as the multi-model mean to show some of the differences between the

models. Subsequent results will only include plots of the multi-model mean (MMM).

4a. Cold Pacific Experiment

Figure 2 shows some results of the Cold Pacific experiment with the GFDL model. Mean
precipitation differences (Figure 2a) highlight the same regions of change as indicated by
mean SDDI differences (Figure 2b). Results are shown over land only since the SDDI isa
quantity with little relevance to the ocean where the “ supply” part of the index is aways
unlimited. In both plots, differences are shaded only where they are statistically
significant at the 95% level according to the modified t-test of von Storch and Zwiers
(1999; the test is modified to account for autocorrelation within the time series). Both
plots show regions of decreases in the mean values in the central United States and
southern South America, and to alesser extent in Alaska and central Asia. Regions of
increases in the means occur in southern Central Americaand north- and central-eastern
South America (including Amazonia), and to alesser extent in Indonesia, Australia, and
the Arabian peninsula. The similarity between plots 2a and 2b is areflection of the SDDI
being driven primarily by precipitation. The differences between these plots indicate that
SDDI is generally amore sensitive index than precipitation deciles. Thisislikely aresult
of the two primary differences between the two indices: the SDDI is dependent on
temperature and radiation, in addition to precipitation, and the SDDI has some accounting

for the cumulative nature of drought.
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The second row of Figure 2 highlights regions with increased drought occurrence as
measured by the average number of months per year with precipitation below the 20"
percentile level of the control run (Figure 2c), and by the average number of months per
year with SDDI below -2.0 (Figure 2d). By definition, each grid cell in the control run
has 2.4 months/year below the 20™ percentile precipitation threshold. The SDDI value of
-2.0 marks asimilar threshold: grids cellsin the control run have values below this
threshold on average 2.3 months/year. Grid cells with fewer than 3.0 months/year below
the respective thresholds are not shaded in Figure 2c or 2d. The regions of increased
drought frequency shaded in Figures 2c and 2d are largely coincident with regions of

decreases in the mean precipitation (Figure 2a) and the mean SDDI (Figure 2b).

These measures of drought occurrence—monthly precipitation or SDDI compared to a
climatological norm—do not account for the fact that some months are more important
than others in drought considerations. In many cases, arelative dry spell during an
already dry month can be ameliorated by normal rainfall during the rainiest time of the
year, while rainfall deficits during the rainy season are much more difficult to make up.
However, given the global nature of this analysis, we felt it was important to include all
months of the year. For amore detailed analysis of individual regions, a seasonal

approach might be warranted.
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The bottom row of Figure 2 provides similar information about the occurrence of pluvials
in this Cold Pacific experiment. Figure 2e shows slight increases in the average number
of months per year with precipitation exceeding the 80" percentile of the control run.
These areas are largely coincident with regions with increased mean precipitation (Figure
2a). Figure 2f shows locations with increased occurrence of SDDI values greater than 2.0.

These areas are largely coincident with areas of increases in mean SDDI (Figure 2b).

Though the locations of increased drought and pluvial occurrence are generally consistent
between the precipitation deciles (Figures 2c and 2e) and the SDDI calculations (Figure
2d and 2f), the average number of months per year in an extreme is much higher in the
SDDI plots than in the precipitation decile plots. As discussed above in regard to the
mean precipitation and SDDI differences, these differencesin drought and pluvial
occurrence stem from the additional climatic information included in the SDDI
calculation and from the short-term (individual months) perspective of deciles, versusthe
cumulative nature of the SDDI. This relationship between the two measures of drought is
seen in all experiments and with all models. Consequently, we will only show SDDI

values in subsequent plots.

Figures 3 and 4 show the SDDI-based drought and pluvial frequency for the cold Pacific
experiment for each of the five participating models, as well as for the multi-model mean.
The results of the multi-model mean (MMM) shown in Figures 3f and 4f closely match

the results from the GFDL model discussed above in regard to Figure 2, and shown again
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in Figures 3a and 4a. These impacts include increased drought frequency in the
continental United States and southern South America, and to alesser extent in southern
Europe into Central Asia and along the southeastern coast of Asia. Additionally, we see
increased pluvial frequency in southern Central America, northern and central South
America, and to alesser extent Australia, Arabia, India, and South Africa. All of the
models show these same general results, with notable variations in the spatial extent of
the responses and the intensity of the increases. Most notably, the CAM model shows
increased pluvia frequency throughout northern Africa, extending into the Mediterranean
region. This pushes the European and Central Asian drought response in CAM further
north than in GFDL, NSIPP, and CCM 3. GFS also shows the European region of
increased drought farther north than the MMM. In general, peak values of drought and

pluvial frequency are highest in the CAM results and lowest in the GFS results.

Figures 5 and 6 show a measure of drought and pluvial intensity for the cold Pacific
experiment for each of the five models and the MMM: the average value of the SDDI
when the SDDI exceeds the -2.0 and +2.0 thresholds. For all the modelsin general, and
particularly in the MMM, the regions of increased drought occurrence (Figure 3) tend to
coincide with regions of increased drought intensity (Figure 5). Similarly, Figures 4 and 6
show that the highest SDDI intensities occur where high SDDI values occur more
frequently. Additionally, comparison of Figures 5 and 6 shows that high end extremes
tend to be larger in magnitude than low end extremes. Thisis likely areflection of the

long tail on the high end and the zero-limit on the low end of precipitation distributions.
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4b. Warm Atlantic Experiment

Figure 7 shows that all five modelsindicate increased drought activity in the continental
United States in response to the Warm Atlantic experiment (PnAw), though details of the
responses certainly differ. The MMM shows a broad region with increased drought
frequency, though the peak is only 4 months/year in drought, as opposed to 8
months/year in response to the PcAn forcing. Other regions showing increased drought
frequency include central South America and modest increases in southern Europe,
Alaska, southern Australia, and scattered sections of southeast Asia. CCM 3 shows avery
strong response in Africa, extending into the Mid-East and much of Asia, but these

increases are not borne out in the MMM.

Four of the five models show avery strong increase in pluvial activity in southern Central
America and northern-most South America, extending across the Atlantic and into the
Guinea Coast of Africain response to PnAw. GFS shows a much more modest response
to this anomaly than the other models. CAM’ s response is the most intense in number of
months/year in pluvial, and the extent of the response is much broader in Africathan the
other models show. The MMM also shows a modest increase in pluvia across much of

northern Europe and Asia, and in Indonesia.

4c. Warm Pacific Experiment
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Figures 9 and 10 show MMM SDDI-based drought and pluvial frequencies for each of
nine experiments shown in Table 1. The central figures indicate that only a handful of
grid pointsin the control run have SDDI values lower than -2.0 or higher than 2.0 for
more than 3 months/year. Figures 9d and 10d are the same as Figure 3f and 4f,
respectively, showing drought and pluvial frequency for the cold Pacific experiment.
Figures 9f and 10f show that the warm Pacific experiment generally leads to areversal of
the cold Pacific pattern: where the cold Pacific increases drought, the warm Pacific
increases pluvials and vice-versa. In both cases, the number of months/year tend to be
dlightly higher on the pluvia side: for example, Figure 10f shows peak values of over 9
months/year in the central U.S. in pluvia with the warm Pacific forcing, while the cold
Pacific forcing results in peak values of 8 months/year in the same location (Figure 9d).
There are additional differencesin the spatial signatures in areas with less pronounced
increases. The cold Pacific experiment showed modest drought increases in southern
Europe extending into central Asia, for example. The warm Pacific experiment shows
pluvia increases over a much broader portion of Europe, but few grid points with values
above 3 months/year in central Asia. There are additional differences around the Indian
Ocean: the cold Pacific experiment leads to increased pluvial in the Arabian peninsula
and India, while the warm Pacific experiment leads to increased droughts along the east
coast of Africa. Nevertheless, to first order, the warm Pecific and the cold Pecific

anomalies lead to opposite drought and pluvial impacts in most regions of the world.

4d. Cold Atlantic Experiments
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The warm and cold Atlantic forcings also lead to generally opposite results, though the
slightly stronger response on the pluvial side is more evident in these two experiments.
Figures 9b and 10b show the drought and pluvial frequency with the cold Atlantic
forcing, and Figures 9h and 10h show the same plots for the warm Atlantic forcing
(identical to Figures 7f and 8f). The cold Atlantic forcing leads to increases in drought
occurrence in southern Central America, northern South America, and a narrow region
along the Guinea Coast of West Africa and into the Congo region. Increasesin pluvials
are seen in central South America, extending south into the Parana region. Modest pluvial
increases are seen in the continental U.S. and northern Mexico. Modest drought increases
are seen in much of northern-most Asia. Thisislargely areversa of the patterns

discussed in Section 4b in regard to the warm Atlantic experiment.

4e. Pacific/Atlantic Combination Experiments

Drought occurrence results for the four combination experiments (PcAc, PWAc, PcAw,
and PwAw) are shown in the four corner subplots of Figure 9. To first order, the results
of the combination experiments most closely resemble their Pacific counterpart with a
neutral Atlantic, indicating that for most parts of the globe, the Pacific forcing is more
dominant than the Atlantic. Thisis not entirely surprising, given the much broader spatial
footprint and maximum intensity of the Pacific pattern (Figure 1¢) compared to the
Atlantic pattern (Figure 1d). Nevertheless, the Atlantic impacts are till substantial. In
fact, Atlantic and Pacific impacts along the Guinea Coast and in the Congo region of

Africa seem about equal in strength, with drought frequency maximized in the warm
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Pacific/cold Atlantic (PwAc) experiment (Figure 9¢). Though pluvia frequencies are
maximized in the cold Pacific/warm Atlantic (PcAw) experiment (Figure 10g), al of the
experiments with awarm Atlantic increase pluvial frequency in these regions, with the
broadest area of response occurring in the warm Pacific/warm Atlantic (PwAw)

experiment (Figure 10i).

For much of North and South America, the Atlantic and Pacific patterns work in
opposition: drought occurrences are maximized in North America and southern South
Americain PcAw. Pluvial occurrencesin these regions are maximized in PwAc. For
southern Central America and northern South America, drought occurrences are
maximized in PwAc, and pluvial occurrences are maximized in PcAw. The Amazonian
region is the exception: here the two forcings work in parallel, with drought occurrences

maximized in PwAw and pluvial occurrences maximized in PCAc.

Impacts in Indonesia and neighboring islands are largely independent of the Atlantic
condition, with all warm Pacific experiments leading to increased drought frequency and
all cold Pacific experiments leading to increased pluvia frequency. These patterns
generally extend south into Australia, though the values are much lower (up to 12

months/year in extreme in Indonesia versus 3-6 months/year in Australia).
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Impacts are modest in Europe and Asia, with MMM values of months/year in an extreme
rarely surpassing 4. This modest impact is seen over the largest area with droughtsin

PcAc and with pluvialsin PwAw.

4e. Trend Experiments

Figure 11 shows the MMM results of the experiment with the warm linear trend pattern
shown in Figure 1b added to the climatology shown in Figure 1a. Both the drought plot
(Figure 114) and the pluvial plot (Figure 11b) show that the impact of the warm trend

experiment is generally much smaller than the impact of the other two anomaly patterns.

The analysis of Vecchi and Soden (2007) and Vecchi et al. (2008) showed significant
dependence of the SST trend pattern on the original SST dataset. They show that the
cooling along the equator in the eastern Pacific shown in Figure 1b is not present in the
SST trend pattern derived from the Smith and Reynolds (2004) dataset. Thisisan
indication that not all features of the SST trend pattern may be robust and that drought
and pluvial results from these experiments forced with the Hadley-based trend patterns

may differ from experiments forced by different SST trend patterns.

5. Discussion
It isworth noting that the SST forcing patterns used in this study were not derived in
order to maximize drought or pluvia impactsin any particular location. On the contrary,

the forcing patterns were determined from an unbiased EOF analysis aimed at isolating
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the leading patterns of variability in the global oceans. The results presented in this paper
are largely in agreement with previous studies on the impact of Pacific and Atlantic
forcing of precipitation and of drought in various regions of the world. Hoerling and
Kumar (2003), Schubert et a. (2004), Seager et a. (2005), Herweljer and Seager (2008)
and many others provide compelling evidence for the strong global-scale forcing from the
tropical Pacific. Each of these studies shows that drought in much of the United Statesin
particular and throughout the midlatitudes in general tends to occur when the eastern
tropical Pacific is cooler than normal (La Nina conditions). Hoerling and Kumar (2003)
(and others) extend this result to show that a warm Atlantic further exacerbates
midlatitude drought conditions. Though the anomaly patterns they discuss are different
from the ones used in this study, particularly in the western Pacific, our results with the
PcAw experiment largely confirm their conclusion that cold Pacific and warm Atlantic
conditions are best-suited to mid-latitude drought. Seager et al. (2003) explain that this
impact is driven by changes in the locations of the subtropical jets and the effects these

j€ets have on the eddy-driven mean meridional circulation.

McCabe et al. (2004) find an association between multidecadal variationsin Atlantic
SSTs and precipitation and surface temperature changes in the United States, and Sutton
and Hodson (2005) report similar findings for both Europe and the United States. Warm
Atlantic SSTswere found to lead to temperature increases in both regions (with larger
magnitudes and larger regions of significance in the U.S.), precipitation reductionsin the

U.S., and precipitation increases in Europe. Thus, impacts of Atlantic SST variations on
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drought inferred from their findings would be more substantial in the U.S. than in

Europe. Thisis consistent with findings presented here.

Much research has focused on the region encompassing southern Central America, the
Caribbean Sea, and northeastern Brazil. In the results presented here, the Pacific
influence in the Caribbean and northern South Americais of uniform sign over aregion
extending south to about 18-20°S latitude (warm Pacific increases drought occurrence,
Figure 9f; cold Pacific increases pluvial occurrence, Figure 10d). The Atlantic influence
in this region extends southward to about 5°S latitude (warm Atlantic increases pluvials,
Figure 10h; cold Atlantic increases droughts, Figure 9b). North of 5°S, SST anomalies of
opposing signs are associated with the greatest propensity to drought or pluvial: acold
Pacific and awarm Atlantic are most conducive to pluvials (Figure 10g), while awarm
Pacific and a cold Atlantic are most conducive to droughts (Figure 9c). From about 5 to
20°S, anomalies of the same sign are associated with the greatest propensity to drought or
pluvial: cold SSTsin both basinsyields most pluvias (Figure 10a), and warm SSTsin
both basins yields most droughts (Figure 9i). These results are confirmed by a wide range

of studies (e.g., Hastenrath, 1979; Enfield and Alfaro, 1999; Giannini et al., 2001).

Studies about rainfall in the Sahel and the Guinea Coast of Africaindicate the importance
of SST conditions adjacent to the region (Giannini et a., 2003). Thisis consistent with
our finding that the Atlantic impacts more strongly on this region than the Pacific.

However, other research indicates that the cross-equatorial SST gradient in the Atlantic is
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critical to precipitation conditions in this region (Fontaine and Janicot, 1996), while still
other research highlights the importance of uniform warming to drying in the Sahel
(particularly with the GFDL model CM2.0; Held et al., 2005). Drought occurrence in the
runs reported here does increase in the Sahel in the warm Trend experiment in the GFDL
model, with arange of 3-6 months/year in drought in the Sahel (not shown). The MMM,
however, shows that much of the region has less than 3 months/year in drought (Figure

11a).

Fundamental research on the ENSO phenomenon indicate that rainfall in Indonesia and
the surrounding areas broadly termed Oceaniais strongly linked to SSTsin the tropical
Pacific, with warm conditionsin the eastern tropical Pacific yielding more rain than
normal in that area and far less rain than normal in Oceania (e.g., Hendon, 2003). Thisis
consistent with the picture of increased drought in Indonesiain our MMM resultsin each
of the warm Pacific experiments, almost independent of the Atlantic condition (Figures
9c, f, and i), and increased pluvialsin Indonesiain each of the cold Pacific experiments

(Figures 104, d, and g).

Research on the connections between Australian rainfall and ENSO events in the Pacific
indicate a high degree of temporal variability in the relationship (Cai et al., 2001,
Suppiah, 2004). Indeed, Cai et a. (2001) show that though there istypically a strong
association between drought in northeastern Australia and warm conditions in the eastern

tropical Pacific, this relationship has reversed on a number of occasions, most notably
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during the period from 1931-45. They note that this weakening in the ENSO-rainfall
relationship occurs when the linearly detrended global mean temperature is particularly
high, though they do not determine a cause for the weakening. Rainfall in southwest
Western Australia has been shown to be dependent on interactions between Indian Ocean
SSTsand wind fields (England et al., 2006). However, other research indicates that fixed-
SST experiments are of limited use in areas where rainfall has a strong impact on the
temperature of the underlying ocean (e.g., Lau and Nath, 2000; Wang et al., 2005; Bracco
et a., 2007). Wang et al. (2005) show that the feedbacks between the atmosphere and the
Indian ocean cannot be neglected in simulation of the Asian-Pacific summer monsoon
rainfall, and Bracco et al. (2007) try to determine which areas of the tropical oceans must
interact with the atmosphere to properly capture the relationship between ENSO and the
Asian summer monsoon. These limitations of fixed-SST experiments on the simulation of
rainfall in areas impacted by the Indian Ocean clearly extend to our discussion of
droughts and pluvials in these regions. Further research on drought occurrence in the
areas surrounding the Indian Ocean should be conducted with afully coupled ocean

model.

6. Conclusions

Climate model simulations run as part of the Clivar Drought Working Group initiative
were analyzed to determine the impact of three SST anomaly patterns on drought and
pluvia frequency and intensity around the world. The three patterns are a global pattern

reflecting the observed warming trend, a Pacific pattern and an Atlantic pattern. Five
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different atmospheric models (GFDL, NSIPP, CAM3.5, CCM 3, GFS) were coupled to
fixed SST oceansto test the impact of these SST anomalies on droughts and pluvias

relative to a climatologically-forced control run.

The five models generally yield similar results in the locations of droughts and pluvials.
In al of the simulations, areas with an increase (decrease) in the mean drought index
values tend to also show an increase in the frequency of high-end (low-end) extreme
drought index values. Additionally, areas with more frequent extremes also tend to show
higher intensity extremes. Though all models are in general agreement with the MMM in
broad terms, CAM 3.5 tends to be more sensitive than the other modelsin Africa, and
peak values of drought and pluvial frequency tend to be higher with CAM3.5 and lower

with GFS than with the other models.

Areas of greatest drought and pluvial sensitivity under these forcing scenarios include
most of the Americas. MMM results show that drought frequencies are highest in the
continental U.S., Mexico, and southern South America when the Pecific is cold and the
Atlantic iswarm (PcAw). Pluvial frequencies in these regions are highest with the
opposite oceanic forcings (PwAc). Southern Central America and northern South
Americarespond in the opposite way to these forcings, with drought maximized in PwAc
experiments and pluvials maximized in PCAw experiments. Indonesiais strongly affected
by Pacific conditions, with a cold Pacific yielding increases in pluvials and awarm

Pacific yielding increases in droughts. More modest impacts are seen in Europe and
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Australia, with Australia following Indonesia’ s patterns but with substantially reduced
frequencies. The largest areas of modest impact in Europe occur with increased droughts
in PcAc and increased pluvialsin PwAw. Results for areas strongly impacted by Indian
Ocean SSTs should be interpreted with caution given the importance of ocean-

atmosphere feedbacks in this region and the limitations of fixed SST experiments.

These idealized experiments are a useful aid to improve our understanding of the factors
contributing to drought in regions all around the world, however, it isimportant to
remember that these experiments are indeed idealizations and not perfect reflections of
the real world. Nevertheless, the substantial agreement between these five very different
models on the locations of increased drought and pluvial frequency under each of the

experimental scenarios indicates that these results are likely to be robust.
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Tables

I;?:li?c Neutral Pacifc \I;\giirfrir::
Atcl:gll?ic PcAC PnAc PWAC
Atantc | PAD (Control PwAR
Atlantic | PeAW PrAw PwAW

Table 1: Suite of nine idealized experiments performed by each modeling group.
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Figure 1: SST forcing patterns: (a) climatology derived from the Hadley Centre dataset
spanning the years 1901-2004; (b) warming trend anomaly; (c) Pacific warm-phase

anomaly; and (d) Atlantic warm-phase anomaly.
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Figure 2: Results of the Cold Pacific experiment (PcAn) with the GFDL model: a) mean
precipitation differences from Control run, shaded where significant at the 95% level; b)
mean SDDI differences from the Control run, also shaded where significant at the 95%

level; c) average number of months/year with precipitation below the 20" percentile of
the Control run; d) average number of months/year with SDDI below -2.0; €) average
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number of months/year with precipitation above the 80" percentile of the Control run; f)
average number of months/year with SDDI above 2.0.

e) GFS

f) MMM
Figure 3. Average number of months per year in drought (SDDI < -2.0), relative to each
model’ s control run, for the cold Pacific experiment: a) GFDL, b) NSIPP, c) CAM, d)
CCM3, e) GFS, and f) Multi-model mean (MMM).
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Figure4: Asin Figure 3, but for pluvial occurrence (SDDI > 2.0) with the cold Pacific
experiment.
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Figure 6: Pluvial intensity in the cold Pacific experiment, as measured by the mean
SDDI value during pluvias (when SDDI > 2.0).
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Figure 7: Drought occurrence in the warm Atlantic experiment, asin Figure 3.
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